Abstract: Vitamin K participates in brain physiology. This study aimed to determine whether using vitamin K antagonists (VKAs), which interfere with the vitamin K cycle, were (i) cross-sectionally associated with altered cognitive performance, and (ii) independent predictors of cognitive changes in older adults over 24 months. Information was collected on the use of VKAs (i.e., warfarin, acenocoumarol, and fluindione) among 378 geriatric outpatients (mean, 82.3 ± 5.6 years; 60.1% female). Global cognitive performance and executive functions were assessed with Mini-Mental State Examination (MMSE) and Frontal Assessment Battery (FAB) scores, respectively, at baseline and after 12 and 24 months of follow-up. Age, gender, body mass index, mean arterial pressure, disability, gait speed, comorbidities, atrial fibrillation, stroke, carotid artery stenosis, leukoaraiosis grade on computed tomography (CT) scan, psychoactive drugs, antidementia drugs, blood-thinning drugs (i.e., anticoagulants other than VKAs, antiplatelet medications), serum creatinine levels, and vitamin B12 concentrations were considered as potential confounders. Using VKAs was associated with lower (i.e., worse) FAB score at baseline (adjusted β = −2.1, p = 0.026), and with a decrease in FAB score after 24 months (adjusted β = −203.6%, p = 0.010), but not after 12 months (p = 0.659). Using VKAs was not associated with any change in MMSE score at baseline (p = 0.655), after 12 months (p = 0.603), or after 24 months (p = 0.201). In conclusion, we found more severe executive dysfunction at baseline and incident executive decline over 24 months among geriatric patients using VKAs, when compared with their counterparts.
Introduction
Vitamin K antagonists (VKAs) are the drugs most commonly used in the prophylaxis and treatment of thromboembolic disease in older adults [1, 2] . In addition to a role in blood coagulation, vitamin K participates in brain health and function [3] by regulating the synthesis of sphingolipids (a constituent of myelin sheaths and neuronal membranes) [4] , and through biological activation of
Materials and Methods

Study Population
Data were collected from the Alzheimer's Disease and Related Disorders' study (MERE study) between December 2008 and March 2013 (ClinicalTrials.gov number: NCT01315704). The MERE study is an observational, unicentric, prospective cohort study designed to examine gait and gait changes with time among older adults visiting the Memory Clinic at Angers University Hospital, France, for a subjective memory complaint. The sampling and data collection procedures have been described elsewhere in detail [9] . In summary, subjective memory complaints were documented using the Subjective Memory Complaints Questionnaire [10] , and at least one complaint about memory lapses, learning, episodic memory, working memory, and/or problems concentrating was required before being addressed to the Memory Clinic. The main exclusion criteria were Mini-Mental State Examination (MMSE) score ≤10 [11] , inability to walk independently, history of any acute medical illness in the preceding three months, poor vision, inability to understand or answer the study questionnaires, and refusal to participate in research.
Participants received a full medical examination at baseline, which consisted of structured questionnaires, a clinical examination, a neuropsychological assessment, a blood test, and a computed tomography (CT) scan of the brain. When applicable, the same extent of examination was performed again after 12-and/or 24-month follow-up, except for the CT scan.
Dependent Variables: Cognitive Scores
The Mini-Mental State Examination (MMSE) [11] and the Frontal Assessment Battery (FAB) [12] were performed at baseline and during follow-up visits by a trained neuropsychologist without knowledge of the treatments used.
The MMSE score was used to assess the cognitive performance as a whole. The MMSE is a well-established measure of cognitive function in older adults, composed of five sections (orientation, registration, attention and calculation, recall, and language). It shows good test-retest and inter-rater reliability, and performs satisfactorily against more detailed measures of cognitive function [11] . Scores range from 30 (normal) to 0 (impaired).
The FAB score was used to assess the performance of executive functions. The FAB consists of six items, with scores on each item ranging from 0 to 3 (total score range: 0-18, the higher the better). A lower score indicates a more significant degree of executive dysfunction. The six subtests of the FAB explore: similarities (conceptualization), lexical fluency (mental shifting), Luria motor sequences (programming), conflicting instructions (sensitivity to interference), a go-no go test (inhibitory control), and prehension behavior (environmental autonomy). The reliability of the FAB is good to excellent, and its validity has been established [12] . For both cognitive measures, the change in cognitive performance as a percentage (MMSE or FAB) during follow-ups (i.e., after 12 and 24 months) was defined as: delta (D) = [(score at the end − score at the beginning)/(score at the end + score at the beginning)/2)] × 100.
Explanatory Variable: Use of VKAs
Information on the regular use of VKAs was systematically sought by an expert senior physician during standardized face-to-face interviews by questioning patients and their relatives. Participants were asked to bring all medication they were regularly taking to the clinical center. Medical prescriptions and medications themselves were checked. The type of VKA used (i.e., coumarin drugs (warfarin or acenocoumarol) or fluindione) was specified, regardless of indication, length of treatment, or history of international normalized ratio (INR). Continuation of VKA use was checked at every follow-up visit.
Covariables
The following covariables were measured during the assessment at baseline: age; gender; body mass index (BMI); mean arterial pressure (MAP); instrumental activities of daily living (IADL) score; gait speed; number of comorbidities; history of atrial fibrillation; ischemic stroke; carotid artery stenosis; grade of leukoaraiosis; use of psychoactive drugs, antidementia drugs, and other blood-thinning drugs; and serum concentrations of creatinine and vitamin B12.
BMIs were calculated in kg/m 2 , as weight/height 2 . Blood pressures were measured by trained nurses at rest in a quiet environment, according to standardized protocol [13] , using a sphygmomanometer placed on the brachial artery with the arm at heart level. MAPs (i.e., average blood pressure over the entire course of the blood pressure cycle) were calculated in mmHg from systolic and diastolic blood pressures (SBPs and DBPs) using the following formula: MAP = SBP+2DBP 3 [13] . Functional autonomy was assessed using IADL scores (/4), and disability was defined as an IADL score of 2 or lower [14] . Gait speed (cm/s) was measured at usual pace, using an electronic portable walkway with pressure sensor pads connected to a computer (GAITRite ® Gold walkway, 972 cm long, active electronic surface area-792 × 610 cm, with a total of 29,952 pressure sensors, scanning frequency-60 Hz, software version 3.8, CIR Systems, Havertown, PA, USA). To avoid acceleration and deceleration effects, participants started walking one meter prior to reaching the electronic walkway, and completed their walks one meter beyond it. Evaluation of comorbidities (i.e., diseases lasting at least three months and running a course with minimal change, regardless of etiology) was based on self-report and medical records. Histories of continuous or paroxysmal atrial fibrillation were sought from correspondence with the family physician and patients' files, by questioning patients or relatives, and with systematic electrocardiograms. Histories of stroke were also sought by questioning patients, family physicians, and patients' files. Strokes were defined, according to World Health Organization criteria, as rapidly developed signs of focal or global disturbances of cerebral functions lasting longer than 24 h, without apparent nonvascular cause [15] . In cases of clinical suspicion, a CT scan was necessary to confirm the diagnosis. In addition, the use of psychoactive drugs (i.e., benzodiazepines, antidepressants, or neuroleptics), antidementia drugs (i.e., acetycholinesterase inhibitors, memantine, or ginkgo biloba), anticoagulants other than VKAs (i.e., heparin, enoxiparin, tinzaparin, nadroparin, dalteparin, fondaparinux, danaparoid, enoxaparin, or direct oral anticoagulants (DOACs)), and antiplatelet medications (i.e., aspirin, clopidogrel, ticlopidin, dipyridamole) were systematically noted from prescriptions by primary care physicians, and sought by questioning patients and relatives. Grades of leukoaraiosis were evaluated from CT scan images by a single observer (AB) who was blinded to participants' clinical information, including but not limited to treatments and cognitive performance. Total extents of age-related white matter changes (ARWMC) were measured using the semiquantitative visual rating scale devised by Wahlund and colleagues [16] , with scores ranging from 0 (no lesions) to 3 (diffuse involvement of the entire region, with or without involvement of U-fibers). Finally, serum concentrations of creatinine and vitamin B12 were determined using automated standard laboratory methods at the University Hospital of Angers, France.
Statistical Analysis
Participants' characteristics were summarized using means and standard deviations (SDs), or frequencies and percentages, as appropriate. The sample distribution was checked using the Kolmogorov-Smirnov test. Firstly, comparisons of baseline characteristics, according to the use of VKAs, were performed using the chi-square test or Fisher's exact test for qualitative variables, and Student's t-test or the nonparametric Mann-Whitney U test for quantitative variables, as appropriate. Secondly, multiple linear regressions were used to examine cross-sectional associations of the use of VKAs (independent variable) with MMSE scores and FAB scores at baseline (dependent variables), while adjusting for baseline characteristics. A separate analysis was performed for each cognitive score. Thirdly, we examined changes in MMSE and FAB scores after 12 and 24 months of follow-up according to the use of VKAs. Finally, associations of the use of VKAs at baseline (independent variable) with MMSE and FAB scores after 12 and 24 months of follow-up (dependent variables) were examined with separate linear regression models, adjusted for all covariables. In this study, p-values < 0.05 were considered statistically significant. All statistical analyses were performed using Statistical Package for the Social Sciences (SPSS, v19.0, IBM Corporation, Chicago, IL, USA).
Ethics
Participants were only included after having given their informed consent for research. The study was conducted in accordance with the ethical standards set forth in the Declaration of Helsinki (1983). The study protocol was approved by the local ethical committee (2009/15).
Results
This study recruited 378 participants (mean ± standard deviation, 82.3 ± 5.6years, 60.1% female). Among them, 46 participants (12.2%) used VKAs. The mean MMSE score was 19.8 ± 4.8, and the mean FAB score was 11.8 ± 3.2. Table 1 indicates the baseline participant characteristics, according to their use of VKAs. Participants using VKAs had similar MMSE scores when compared with those who did not use VKAs (20.0 ± 3.9 versus 19.8 ± 4.9, respectively, p = 0.778), but lower (i.e., worse) FAB scores (10.3 ± 3.6 versus 12.0 ± 3.0, respectively, p = 0.006). They also exhibited higher BMIs (p < 0.001) and a greater number of comorbidities (p = 0.005), including more frequent atrial fibrillation (p < 0.001) and stroke (p = 0.001). Finally, they used antiplatelet medications less often (p < 0.001). There were no significant differences across both groups for the remaining clinical characteristics (Table 1) . Table 2 shows multiple linear regressions for MMSE and FAB scores at baseline, with the use of VKAs and baseline characteristics as explanatory variables. The use of VKAs was not associated with MMSE scores (fully adjusted β = 0.51, p = 0.655), but was significantly and negatively associated with FAB scores (fully adjusted β = −2.12, p = 0.026). Gait speed and the use of antidementia drugs were associated both with MMSE scores (β = 0.07 with p < 0.001, and β = −3.63 with p < 0.001, respectively) and FAB scores (β = 0.05 with p < 0.001, and β = −1.57 with p = 0.001, respectively). BMI and disability were also associated with MMSE scores (β = 0.19 with p = 0.011, and β = −2.95 with p < 0.001, respectively), but not with FAB scores (Table 2) .
Among the 378 patients enrolled in the MERE analysis, 170 (45.0%) were re-examined after 12 months, and 58 (15.3%) were re-examined after 24 months, as part of their routine follow-up. The characteristics of those who were followed-up with at 12 and 24 months were very similar to their counterparts, except for FAB scores at baseline, which were higher among those followed-up with at 12 months (12.24 ± 3.07 versus 11.44 ± 3.17 respectively, p = 0.045) and those followed-up with at 24 months (13.62 ± 2.93 versus 11.47 ± 3.08 respectively, p < 0.001). There were no differences in MMSE scores at baseline when comparing those followed-up with at 12 months (20.2 ± 4.9 versus 19.5 ± 4.6 at baseline, p = 0.162), and at 24 months (20.29 ± 4.60 versus 19.76 ± 4.79 at baseline, p = 0.430) to others. Figure 1 illustrates the changes in MMSE and FAB scores after 12 and 24 months of follow-up according to the use of VKAs. Regarding change in global cognitive performance, we found a decrease (i.e., worsening) in MMSE scores during follow-ups, with ∆ MMSE = −6.6 ± 20.6% after 12 months of follow-up, and ∆ MMSE = −12.9 ± 32.1% after 24 months. There was no difference, according to the use of VKAs, after 12 months (∆ MMSE = −9.4 ± 20.1% among VKA users versus ∆ MMSE = −6.3 ± 20.7% among non-users, p = 0.553), or after 24 months (∆ MMSE = −15.5 ± 19.7% among VKA users versus ∆ MMSE = −12.7 ± 32.9% among non-users, p = 0.864). Regarding change in executive functions, the results showed a decrease (i.e., worsening) in FAB scores during follow-ups, with ∆ FAB = −4.2 ± 29.3% after 12 months of follow-up, and ∆ FAB = −9.0 ± 30.8% after 24 months. Although we found no differences in ∆ FAB after 12 months according to the use of VKAs (∆ FAB = −1.6 ± 11.7% among VKA users versus ∆ FAB = −4.5 ± 30.7% among non-users, p = 0.820), the group using VKAs exhibited a more significant worsening of executive functions after 24 months of follow-up (∆ FAB = −55.5 ± 1% versus ∆ FAB = −4.6 ± 27.6%, p = 0.023). Finally, Table 3 shows that the use of VKAs was negatively associated with ΔFAB after 24 months of follow-up (β = −203.6 with p = 0.010 after adjustment for all baseline characteristics, including baseline FAB scores), but not after 12 months (p = 0.659). In contrast, the use of VKAs was not associated with ΔMMSE, neither after 12 months (p = 0.603) nor after 24 months (p = 0.201). Additionally, there were no interactions between the use of VKAs and other drugs that could significantly alter these results (data not shown). Finally, Table 3 shows that the use of VKAs was negatively associated with ∆ FAB after 24 months of follow-up (β = −203.6 with p = 0.010 after adjustment for all baseline characteristics, including baseline FAB scores), but not after 12 months (p = 0.659). In contrast, the use of VKAs was not associated with ∆ MMSE , neither after 12 months (p = 0.603) nor after 24 months (p = 0.201). Additionally, there were no interactions between the use of VKAs and other drugs that could significantly alter these results (data not shown). 
Discussion
The main finding of this prospective study of older outpatients with subjective memory complaints is that, irrespective of the studied potential confounders, the use of VKAs was associated with lower (i.e., worse) scores of executive functions at baseline, and with more significant worsening of executive functions after 24 months of follow-up. In contrast, global cognitive performance, assessed with the MMSE score, did not differ according to the use of VKAs.
Few previous studies have examined the relationship between the use of VKAs and cognition. In rodents, some co-authors of our group have reported that the use of warfarin was detrimental to spatial learning performance [17] . In humans, a recent cross-sectional observational study showed that the use of VKAs was associated with the impairment of global cognitive performance in 267 geriatric patients [8] . Similarly, a previous longitudinal observational study of 218 adults reported that, contrary to the assumption made by the authors, the use of warfarin was not associated with a reduced risk of dementia after 3 years of follow-up [18] . Finally, in an earlier trial testing the potential of blood-thinning drugs to prevent cognitive decline, the authors found in 424 adults that, when compared with those using aspirin or placebo, the participants who had used VKAs for at least five years exhibited worse performance in Wechsler Adult Intelligence Scale-III (WAIS-III) similarities (i.e., 19 items exploring concept formation and abstract reasoning, both of which are executive functions) [19] . None of these previous studies examined changes in cognitive scores over time according to the regular use of VKAs. Consequently, our results provide additional and novel evidence on the nature of this relationship, by showing that the use of VKAs is associated with executive dysfunction in older adults, and precedes greater decline in executive functions over 24 months.
The mechanism linking the use of VKAs with cognitive disorders is not fully elucidated. On one hand, the association may be explained by conditions warranting the use of VKAs, such as atrial fibrillation and strokes, which may in turn lead to greater occurrences of cognitive decline [20] . However, this first assumption was unlikely here since the association between VKAs and cognitive disorders persisted after adjustment for these conditions. On the other hand, our results may indicate a specific effect of VKAs on cognition, independent of underlying conditions and the effect of anticoagulants. VKAs interfere with the vitamin K cycle, decreasing availability of the active form of vitamin K (hydroquinone) in the body [1] , including in the brain [21] . Basic research supports a role for vitamin K in the brain. It regulates the biological activation of two VKDPs, namely Gas6 (growth arrest-specific gene 6) and protein S [3, 4] . Gas6 is involved in chemotaxis, mitogenesis, cell growth, and myelination, and has further been shown to rescue cortical neurons from amyloid-β-induced apoptosis, a hallmark of Alzheimer's disease (AD) [22] . Protein S offers neuronal protection during ischemic/hypoxic injury [23] . Additionally, vitamin K regulates the metabolism of sphingolipids, which are key players in neuronal proliferation, differentiation, senescence, cell-cell interaction, and transformation [3, 4] . Alterations in sphingolipid metabolism may also be involved in neurodegenerative disorders such as AD [4] . Importantly, the use of VKAs has been demonstrated to alter the sphingolipid profile [24] . This suggests that less available vitamin K due to VKAs may lead to altered neuronal function and survival, and subsequently to a greater risk of cognitive decline.
Specifically, we found that executive functions (i.e., FAB scores) were inversely associated with the use of VKAs. Executive functions refer to a heterogeneous set of high-level processes that control and regulate other abilities and behaviors [25] . From a neuroanatomical point of view, executive functions are based on the integrity of frontal-subcortical circuits [25] , and a lesion in these circuits, whether atrophic or ischemic, results in impairment of executive functions. Thus, the finding of executive dysfunction in the case of VKAs use may be explained by the loss of vitamin K protective action in the subcortical and frontal brain structures [4] . In contrast, we found no association between the use of VKAs and global cognitive performance (i.e., MMSE scores), even if there was a trend of greater decline in MMSE scores after 24 months of treatment in the group using VKAs, when compared with non-users ( Figure 1A ). At first sight, this seems to contradict one previous study that reported that people using VKAs had a greater prevalence of impaired global cognitive performance [8] . Inconsistencies could be explained by the fact that, unlike the previous study, we used MMSE score here as a quantitative variable rather than as a dichotomous categorical variable. The latter method provides statistically robust results, allowing us to evaluate numerical changes in cognitive scores during follow-ups.
The strengths of the present study include the originality of the research question on a drug used in clinical routine, the use of a longitudinal prospective design with an intermediate mid-term evaluation and a final long-term evaluation allowing the examination of cognitive changes over time [26] , the detailed description of participant characteristics allowing the use of regression models to measure adjusted associations, and the standardized collection of data from a single research center. Regardless, our study also has some limitations. Firstly, the study cohort was restricted to a limited number of geriatric outpatients, especially at 24 months, which led to large standard errors and confidence intervals for the coefficients of regression, and likely made our sample unrepresentative of the population of all seniors. The MERE study is a pragmatic study on real-life data. As a consequence, some patients were not followed-up with at 12 and 24 months, either because they did not require any particular follow-ups as part of routine care, or because they did not wish to continue their follow-ups, or because their follow-ups were organized at another pace, or because they chose to be followed-up with in another structure. Either way, analysis of their characteristics showed that the groups that were followed-up with and those who were not were very similar at baseline. The main exception was the baseline FAB score, which was statistically higher among those who subsequently had follow-ups, although this small difference should not be considered as clinically relevant. In addition, it is notable that the prevalence of the use of VKAs in our study (12.2%) was similar to that reported by the National Agency of Drug Safety and Health Products in people aged 65 years and older (13.3%) [2] , which confirms that this real life data remained valid and relevant, despite the small sample size. Secondly, the MERE study was not initially built to meet the objective of this post-hoc analysis. Thus, some important data were not available and could not be taken into account in the analyses, such as length of VKA treatment, possible history of VKA use before baseline assessment, or history of INR. Thirdly, although we were able to control for important characteristics likely to modify this association, it would have been valuable to consider additional covariables, such as serum phylloquinone concentration, other medications taken, education level, or changes in covariables during follow-up. Fourthly, the use of MMSE and FAB scores may also limit the scope of our results. The MMSE is a screening tool with risks of ceiling effects and test-retest effects, whose clinical utility remains debated, despite recent neuroimaging data evidencing strong correlations with brain health and structure [27] . In addition, the FAB is a composite score exploring executive functioning as a whole. Thus, in future research, it would be contributory to examine the specific effects of VKA use on various subdomains of executive functions, with dedicated subscores.
Conclusions
We were able to show more frequent and severe executive decline associated with the use of VKAs among geriatric outpatients. This question is all the more crucial because the use of VKAs is widespread in older adults. Clinical trials are now warranted to explore the effect on cognition of the use of VKAs in large samples of adults, against that of DOACs, whose indications are similar, but whose mechanism does not interfere with vitamin K [28] .
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